A recombinant baculovirus expressing the nucleocapsid gene (NP) of Newcastle disease virus (NDV), a member of the genus Rubulavirus, has been generated and shown to express the native protein to high levels in insect cells. In contrast to the NP protein of the rubulavirus human parainfluenza virus 2, the NDV protein has been demonstrated by electron microscopy and caesium chloride gradient analysis to be capable of self-assembly in vivo to form nucleocapsid-like structures in the absence of other NDV proteins. These structures, which contained RNA that was resistant to micrococcal nuclease digestion, were also observed when the protein was expressed in E. coli, a phenomenon which was not inhibited by the presence of a 40 amino acid fusion region at the amino terminus of the protein. Further, the formation of these structures was inhibited by the co-expression of the phosphoprotein (P). Therefore, we conclude that the P protein acts as a chaperone, preventing uncontrolled encapsidation of non-viral RNA by NP protein.
Newcastle disease virus (NDV) is the aetiological agent for the devastating disease of poultry more commonly known as fowl pest. A member of the family Paramyxoviridae, NDV has recently been reclassified into the genus Rubulavirus (Murphy et al., 1995) . Other members of this genus include mumps virus and simian virus 5 (SV5) in addition to the human parainfluenza viruses 2, 4a and 4b (hPIV2, 4a and 4b). The genome of NDV, which comprises a single strand of negative-sense RNA, encodes directly six structural genes in the order 3h-NP-P-M- F-HN-L-5h (reviewed by Millar & Emmerson, 1988) . Unlike SV5 and mumps virus, NDV does not encode the small hydrophobic (SH) protein between the F and HN genes (Murphy et al., 1995) . Replication of the viral genome is dependent upon encapsidation of the RNA by the nucleocapsid protein (NP) which acts as a template for a polymerase complex comprising the large, polymerase protein (L) and phosphoprotein (P) cofactor (Hamaguchi et al., 1983) . In common with several members of the family Paramyxoviridae, NDV produces a further protein (V) by editing of the P gene at position 484 (Steward et al., 1993) . The function of this protein is unknown, although a zinc-binding activity for the NDV V protein has been recently described .
The NDV genome is the template for two separate reactions in the life-cycle of the virus ; replication and transcription (reviewed by Lamb & Kolakofsky, 1996) . The switch between replication and transcription is considered to be controlled by the presence of de novo NP protein. In the current model, it is the encapsidation of the newly synthesized RNA, due to the presence of an encapsidation signal, that determines whether the polymerase continues along the genome in the transcriptive or replicative mode. In addition to this function, studies on Sendai virus (Horikami et al., 1992) have demonstrated the reliance of paramyxovirus replication on the interaction of the NP protein with the P protein. This interaction has been further characterized by by experiments which demonstrate that the amino terminus of the P protein acts as a chaperone for the NP protein and prevents illegitimate nucleocapsid formation. Further, this interaction was proposed to form the basis of the transcriptional switch ; trimeric P protein (Curran et al., 1995 b) acts as the provider of soluble NP protein to encapsidate the nascent RNA thus favouring replication over transcription. The observation of uncontrolled encapsidation of non-viral RNA by the NP proteins of several negative-sense RNA viruses has been reported (Buchholz et al., 1993 ; Spehner et al., 1991 ; Meric et al., 1994) . However, this phenomenon has not been reported for members of the genus Rubulavirus, the NP proteins of which are characterized by a different charge profile. Recent work on hPIV-2 (Nishio et al., 1996) strated in vitro interactions between the NP and P proteins, but reported that the granular structures typical of nucleocapsid formation were observed only when the two proteins were interacting successfully. This observation would indicate that rubulavirus encapsidation is unlike that of other members of the family Paramyxoviridae, and more closely resembles the situation found with rhabdoviruses (Chenik et al., 1994) . To study the in vivo characteristics of NDV NP protein, we chose to express the gene in both eukaryotic (baculovirus) and prokaryotic (E. coli) systems. For this, the NP gene was inserted into the baculovirus transfer vector pVL1393 (Invitrogen) and used to make the corresponding recombinant baculovirus. This virus has been described previously and the NP produced confirmed as being authentic by size and immunoreactivity. The NP gene was also cloned into the E. coli expression vector pRSETB (Invitrogen), via an EcoRI-BamHI digest, thus placing the gene under the control of the T7 promoter. This cloning also resulted in the addition of a 40 amino acid fusion region at the amino terminus of the protein (NP fus ). In addition, to study the effects of the co-expression of the NDV phosphoprotein, the P gene was cloned into the Invitrogen baculovirus transfer vector pVL1392 (Errington, 1996) . All manipulations of DNA were according to Sambrook et al. (1989) . Using the methods of Summers & Smith (1987) , the corresponding baculoviruses (2NP18 and 2P2-2) were produced, characterized and used to infect insect cells (Sf9) at a m.o.i. of 10 (for multiple infections, an m.o.i. of 10 for each virus was used). Protein extracts were resolved by SDS-PAGE (Laemmli, 1970) and confirmed by Coomassie Blue staining and Western blot analysis (Towbin et al., 1979) to contain the predicted proteins Errington, 1996) .
Extracts to be assayed for nucleocapsid content were lysed by three rounds of freezing and thawing. For initial analysis, total extracts were taken and prepared for electron microscopy by negative staining (Madeley & Field, 1988) . The electron micrograph shown in Fig. 1 (a) demonstrates the presence of nucleocapsid-like structures in the total extract of cells infected with 2NP18 alone. These structures, which demonstrate the classical herringbone morphology characteristic of NDV nucleocapsids, have a diameter of approximately 15 nm. This figure is in agreement with that reported by Madeley & Field (1988) . The length of these structures varied from single turns to a size similar to that of NDV nucleocapsids extracted from virions (1000 nm). In addition, apparent nucleocapsid assembly intermediates may be seen. Klug (1979) described the process of tobacco mosaic virus nucleocapsid assembly and outlined several assembly cul-de-sacs and assembly precursors. It is possible to identify several intermediates in assembly (' washers ') in Fig. 1 (a) . The NP protein expressed in E. coli was also analysed for nucleocapsid-like structure assembly. Fig.  1 (b) demonstrates that these structures also formed in E. coli, despite the presence of the 40 amino acid fusion region at the amino terminus of the protein. Studies of the assembly of measles virus NP protein in E. coli (Warnes et al., 1995) previously demonstrated that the presence of fusion domains, albeit larger than the tag used here (β-galactosidase and maltose binding protein), at the amino terminus inhibited the formation of nucleocapsid-like structures. This does not appear to be the case with NDV. However, it is possible that the tag attached to the amino terminus of NP by pRSET is not large enough to cause sufficient steric hindrance to inhibit the required interactions.
To develop a more quantitative assay for NP self-assembly, the well-characterized caesium chloride step gradient method was used (Buccholz et al., 1993) . To prepare samples for gradient analysis, 5i10' Sf9 cells from an infected T75 flask were lysed in 400 µl of 1iTNE (25 mM Tris-HCl, pH 7n4, 50 M NaCl, 2 mM EDTA).
Step gradients were assembled (bottom to top) in a Beckman 50Ti rotor tube from 40 % (w\v), 30 % (w\v), 20 % (w\v) caesium chloride (1n2 ml of each) and 0n4 ml 30% (v\v) glycerol, with TNE being the diluent for each. Samples were layered onto the gradient and spun at 36 000 r.p.m. for 16 h. Fractions (seven at 0n6 ml each) were then taken and the protein content resolved by SDS-PAGE followed by Coomassie Blue staining or Western blot analysis. Extract of cells infected singly with virus 2NP18 was analysed in this way (Fig. 2 a) . From this Figure, it can be seen that the great majority of the NP protein migrates to the bottom fraction of the gradient, indicating assembly of NP protein into dense nucleocapsid-like structures. Further, Western blot analysis of these fractions using an anti-NP monoclonal antibody (Fig. 2 b) confirms this result ; the majority of the NP protein is in the bottom fraction (7), while some residual protein is found in fraction 6. Gradient analysis of fractions taken from E. coli cells expressing the NP fus protein also demonstrated this pattern (Fig. 2 c) , but with a certain amount of trailing into fractions 5 and 6. Analysis of the protein content of the fractions by electron microscopy revealed the presence of nucleocapsid-like structures only in the bottom fractions of Fig. 2 (b, c) (data not shown), indicating that the unassembled and assembled forms of NDV NP could be separated by caesium chloride step gradients.
This technique was then used to analyse the effect of the coexpression of P protein with NP protein. Sf9 cells were infected with the recombinant baculoviruses 2P2-2 and 2NP18, then cell extract was harvested 48 h post-infection. Gradient analysis of this extract demonstrated that nucleocapsid-like structure formation was greatly inhibited (Fig. 2 d ) . Although assembly was not wholly abolished, this may be ascribed to both the nature of the expression system and the stoichiometry of the two proteins ; not all cells will be infected with both baculoviruses, and the population infected with NP alone will contain nucleocapsid-like structures. Also, NP protein expresses to higher levels than P protein (Errington, 1996) , which may saturate the chaperone sites on P and lead to assembly. From this data, it can be concluded that NDV P protein acts as a chaperone, preventing non-authentic nucleocapsid formation by the NP protein in an analogous manner to that reported for Sendai virus .
To understand more fully the nature of these nucleocapsidlike structures the nucleic acid content was assayed. For this, two T75 flasks of Sf9 cells were seeded with 5i10' Sf9 cells ; one was infected with 2NP18 (Fig. 3, lanes 1 and 2) and one infected with 2P2-2 (Fig. 3, lanes 3 and 4) . Radiolabel (50 µCi 3.9 2.8 1.9 0.8 Fig. 3 . Formaldehyde denaturing agarose (1 %) gel electrophoresis of nucleic acid extracted from nucleocapsid-like structures. Positions of size standards (Bio-Rad) marked (sizes in kb). Lanes 1-4, extraction of 32 Plabelled nucleic acid : lanes 1 and 2, cells infected with 2NP18 ; lanes 3 and 4, cells infected with 2P2-2 ; lanes 1 and 3, extracted nucleic acid treated with DNase ; lanes 2 and 4, extracted nucleic acid treated with RNase. Lanes 5 and 6, Northern blot analysis of fractions containing unlabelled RNA : micrococcal nuclease treatment either before (lane 5) or after (lane 6) ethanol precipitation. Extracted nucleic acid was detected using an NP gene specific probe.
of $#P i ) was added immediately following infection. The two cell extracts were taken 48 h post-infection and analysed in parallel by gradient centrifugation as above. The bottom fraction of each gradient was taken and the protein removed by phenol-chloroform extraction. Each sample was then split in two. One half was treated with RNase A for 15 min at 37 mC (lanes 2 and 4), the other with RNase-free DNase under the same conditions (lanes 1 and 3) . The aqueous layer was ethanol precipitated and the nucleic acid resolved by denaturing agarose gel electrophoresis (Sambrook et al., 1989 ). The dried gel was then exposed to X-ray film (Fig. 3, lanes 1-4) . This Figure demonstrates that the nucleocapsid-like structures isolated in this way from 2NP18 infected Sf9 cells contained a labelled nucleic acid moiety unaffected by DNase treatment but sensitive to RNase digestion. No such labelled product was isolated from the Sf9 cells infected with recombinant baculovirus 2P2-2 (lanes 3 and 4). From these observations, it may be concluded that the nucleocapsid-like structures contained RNA. The RNA resolved in lane 1 contained a mixed population of lengths, reflecting the heterogeneous lengths of nucleocapsid-like structures observed by electron microscopy. Although no lengths of RNA were observed that corresponded to the 1000 nm structures found in crude insect cell extract (Fig. 1 a) , this was considered to be due to either the scarcity of these structures or the disruptive nature of the further processing of the extract required to extract the nucleic acid from the caesium chloride gradient fractions.
In the presence of the other viral proteins, encapsidation of RNA by NP protein is reliant on the presence of an encapsidation signal on the nucleic acid (Kurilla et al., 1985) . However, since no such signal was present in the RNA species within the insect cell infected with 2NP18, it must be concluded that the recombinant NP protein was randomly packaging host cell and baculoviral RNA. If this was occurring, it would be expected that the RNA extracted would represent the population of RNA species susceptible to encapsidation. In the case of Sf9 cells infected with 2NP18, NP mRNA will be the most numerous species of RNA, and would therefore be expected to form the majority RNA extracted from the nucleocapsid population. The possibility of the band in Fig. 3 (lane 1) which corresponded in size to the NP gene (1746 bp) being NP mRNA was then considered. This was confirmed by using an NP specific probe in a Northern blot analysis of a fresh batch of RNA extracted from the nucleocapsid-like particles (Fig. 3, lane 5) . To further investigate the nature of these interactions, these samples had been previously incubated with 10 µg\ml micrococcal nuclease (Buchholz et al., 1993) at 37 mC for 30 min either before (lane 5) or after (lane 6) removal of the NP protein moiety from the nucleocapsid structure. This Figure demonstrates that the binding of the NP protein to the RNA forms a nuclease resistant structure analogous to the viral nucleocapsid.
The region of the NDV NP protein responsible for interaction with RNA and nucleocapsid formation has been determined by proteolytic digestion to reside in the aminoterminal 43 kDa of the protein (Mountcastle et al., 1970) . This activity has also been located to the amino terminus of the proteins of several members of the subfamily Paramyxovirinae (Sendai virus, Buccholz et al., 1993 ; measles virus, Warnes et al., 1995) . However, the non-interference of the amino-terminal histidine tag in the E. coli based studies presented here would indicate that extreme amino-terminal region of the NDV NP protein is not involved in nucleocapsid assembly. Therefore, it is possible that the central, basic domain of NP interacts with the RNA.
From these experiments it may be concluded that for NDV the nature of the interaction between RNA and NP protein and the manner in which this binding is affected by the P protein is analogous to that of members of the genus Paramyxovirus rather than to hPIV2, the only other rubulavirus studied to date (Nishio et al., 1996) . This observation, in conjunction with the absence of the small hydrophobic protein (SH) from the NDV genome and the manner in which the NDV P gene is encoded and edited, would suggest that NDV is difficult to categorize and does not fall neatly into either of the two genera.
